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The generation and distribution of entanglement are key resources in quantum repeater schemes.
Temporally multiplexed systems offer time-bin encoding of quantum information which provides ro-
bustness against decoherence in fibers, crucial in long distance communication. Here we demonstrate
the direct generation of entanglement in time between a photon and a collective spin excitation in
a rare earth ion doped ensemble. We analyze the entanglement by mapping the atomic excitation
onto a photonic qubit and by using time-bin qubits analyzers implemented with another doped
crystal using the atomic frequency comb technique. Our results provide a solid-state source of en-
tangled photons with embedded quantum memory. Moreover, the quality of the entanglement is
high enough to enable a violation of a Bell inequality by more than two standard deviations.
PACS numbers: 03.67.Hk,42.50.Gy,42.50.Md
Light-matter entanglement is an important resource
in quantum information science. It enables complement-
ing the advantages of using photons as flying qubits in
quantum communication schemes with those of matter
qubits, which are ideal for quantum storage and process-
ing [1, 2]. It can be achieved, for example, by interfacing
quantum sources of entangled photons with long lived
quantum memories [3–5]. But the direct generation of
light-matter entanglement, without the use of external
photon pair sources, is particularly attractive in view of
practical application as it generally features less complex-
ity and can lead to higher efficiency than the so-called
read-write memory protocols [6].
A very convenient method to directly generate light-
matter entanglement in atomic ensembles is the Duan-
Lukin-Cirac-Zoller (DLCZ) protocol [7]. It is based
on the off-resonant excitation by means of weak classi-
cal write pulses of an atomic ensemble with a lambda-
system. With a small probability, a Raman scattered
write photon creates a collective spin excitation, heralded
by the emission of a Stokes photon. The spin wave can be
converted into a second photon, the anti-Stokes photon,
with the use of a strong on-resonant read pulse. In this
way, the light-matter entanglement is mapped into pho-
tonic entanglement, which can be analyzed with photonic
qubit analyzers. Several types of entanglement have been
demonstrated using the DLCZ scheme in atomic gases,
such as polarization [8, 9], spatial modes [10–12], orbital
angular momentum [13], and time-bin [14]. The DLCZ
scheme has also been demonstrated with nanomechanical
resonators [15]
The use of atomic ensembles embedded in solid ma-
trices, such as rare earth ion doped (REID) crystals,
offers numerous advantages as the coherence times are
comparable to those of cold atomic clouds but the nat-
ural trapping greatly simplifies the experimental setups.
Moreover, the inhomogeneous broadening of the atomic
transitions can be used as a resource for quantum in-
formation multiplexing [16, 17]. However, the standard
off resonant DLCZ scheme is difficult to apply to REID
crystals, due to the very weak dipole moments of the
optical transition. Alternative schemes have been pro-
posed that use resonant excitation and rephasing tech-
niques to counteract the inhomogeneous dephasing of
the atomic dipoles [18, 19]. Very few attempts of im-
plementing the DLCZ-like scheme in REID crystals have
been done, demonstrating continuous variable entangle-
ment [20, 21] and quantum correlation between photons
and spin waves [22, 23]. The latter demonstrations com-
bined the DLCZ protocol and the atomic frequency comb
(AFC) storage scheme [16].
In this paper, we use the AFC-DLCZ protocol to create
entanglement in time between a single photon and a sin-
gle collective spin excitation in a REID memory crystal
(MC), in the photon counting regime. The matter state
is transfered on demand onto a single photon, and the
photonic qubits are analyzed in Franson like interferom-
eters implemented with another REID crystal. The en-
tanglement is demonstrated by observing high-visibility
two-photon interference in different bases and by violat-
ing a Bell inequality.
In the AFC-DLCZ protocol, a write pulse resonant
with an AFC structure with comb spacing ∆ is used. Ex-
cited atoms will then start to dephase due to the inhomo-
geneous broadening. Spontaneously emitted Stokes pho-
tons are collected between the write pulse and the corre-
sponding AFC echo, which appears at time τMC = 1/∆.
The Stokes photons emitted at different times are corre-
lated to independent spin waves leading to entanglement
in time between the Stokes photons and the stored spin
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2FIG. 1: (a) Experimental setup. The write and read pulses are polarized parallel to the D2 memory crystal (MC) axis to
maximize the interaction. Both Stokes and anti-Stokes photons pass through the interferometric filter crystal (IFC), but in
different spatial modes, where dedicated laser beams prepare the required spectral features (transparency window or AFC).
Spectral filters at 600 nm (width 20 nm) are placed on both arms before the photons are fiber coupled to the single photon
detectors (silicon SPD). (b) Hyperfine splitting of the first sub-levels (0) of the ground 3H4 and the excited
1D2 manifolds of
Pr3+ in Y2SiO5. (c) Temporal pulse sequence for the AFC-DLCZ protocol. TS (TAS) is the time separation between a Stokes
(anti-Stokes) photon detection and the write (read) pulse. The insets show the effect of the AFCs in the IFC on the Stokes
(orange) and anti-Stokes (red) photons. (d) Sketch of the Stokes-anti-Stokes coincidence histogram vs TS + TAS when the IFC
is prepared with an AFC in each photon arm, with equal transmission and echo probability.
waves. The joint light matter state can be written to first
order as:
| ΨS,SW 〉 =
∫
(1+ ρ(TS)a
†
S(TS)a
†
SW (TS)) | 0S , 0SW 〉dTS
(1)
where a†S (a
†
SW ) is the creation operator for the Stokes
photon (spin wave), TS is the time between the write
pulse and the Stokes emission and ρ(TS) the temporal
dependency of the wavefunction [18].
A strong resonant read pulse can be sent at a later time
to excite the spin wave back to the excited states, which,
after a finite rephasing time, leads to collective emission
of an anti-Stokes photon. Due to the fixed rephasing
time of the excited state, the anti-Stokes emission time is
correlated with the Stokes emission time following TS +
TAS = τMC , where TAS is the time between the read
pulse and the anti-Stokes photon emission. In the ideal
case of unity read-out efficiency, the joint state of the
Stokes anti-Stokes photons | ΨS,AS〉 can then be written
as:∫
(1+ ρ(TS)a
†
S(TS)a
†
AS(τMC − TS)) | 0S , 0AS〉dTS
(2)
where (a†AS) is the creation operator for the anti-Stokes
photon. Our device therefore acts as a source of entan-
gled photons with embedded quantum memory.
In this experiment, we use two Pr3+:Y2SiO5 (Pr:YSO)
crystals, a memory crystal (MC) and an interferometric
filter crystal (IFC), both cooled down to 3.5 K [22] in a
closed loop cryostat. This material offers long coherence
times [24], high storage and retrieval efficiencies [25], and
prospect for on-chip integration [26, 27]. A sketch of the
relevant experimental setup and the energy level scheme
of Pr3+ in YSO are shown in panels (a) and (b) of Fig.
4. We tailor the 1/2g − 3/2e transition of the MC as
an AFC structure with τMC = 9µs, while the 3/2g state
is emptied to store the single spin excitation (see [28]
for more details). We prepare the AFC structures every
cryostat cycle (1 Hz rate).
We then start to send Gaussian write pulses resonant
to the AFC at a rate of 3.7 KHz (1100 pulses per AFC
preparation). We detect the Stokes photons in a 4µs win-
dow starting 1µs after the write pulse (temporal sequence
in Fig. 4(c)). As discussed in [22], the number of modes
stored is given by the ratio between the Stokes photon
detection window and the duration of the Stokes pho-
ton itself. The latter is set by the duration of the write
pulse (700 ns of full-width-half-maximum) resulting in 5
distinguished temporal Stokes modes. The Stokes detec-
tion mode is set to an angle of about 3 degrees in the
backward direction with respect to the write mode, to
minimize the leakage noise from the write pulse. Condi-
tional on a Stokes photon detection, we send the Gaus-
sian read pulse, counter-propagating to the write mode
and delayed by 16µs. As a consequence of the phase
matching conditions, the Stokes and anti-Stokes photons
are emitted in opposite directions. The anti-Stokes detec-
tion gate is finally opened for about 10µs. The average
storage time in the spin state is τS = 13µs. Directly
after the emission, the Stokes photons are steered to the
3FIG. 2: (a) Typical g
(2)
S,AS histogram as a function of the TS + TAS time, with a time-bin size of 600 ns. The write pulse power
Pw is 90µW, corresponding to a Stokes creation probability PS = 0.4 %/µs. (b) g
(2)
S,AS (blue squares) and coincidence rate
(red diamonds) vs Stokes creation probability. Both quantities refer to a time-bin size of 600 ns. The errorbars are calculated
assuming Poissonian statistics.
IFC, where a 2 MHz-wide transparency window is pre-
pared, to filter the photons emitted through the decay to
hyperfine ground levels other than the 3/2g. The anti-
Stokes photons are temporally gated with an acousto-
optic modulator (AOM) before traveling through the IFC
where another transparency window is created in a differ-
ent spatial mode to suppress the coherent and incoherent
noise deriving from the read pulse [29]. AFCs can also
be created in the IFC, which will serve as qubit analyzers
for the photons (see below). Both Stokes and anti-Stokes
photons are detected with single photon counters (SPD)
and their arrival time is saved to reconstruct coincidence
histograms.
We first verify that the Stokes and anti-Stokes pho-
tons are emitted in pairs, and assess the cross-correlation
function g
(2)
S,AS =
pS,AS
pS ·pAS , where pS,AS is the probability
to detect a coincidence between a Stokes and an anti-
Stokes photon and pS (pAS) is the probability to detect
single Stokes (anti-Stokes) photon.
Fig. 6(a) shows the measured g
(2)
S,AS histogram fixing
the time-bin size to ∆t = 600 ns. This measurement is
taken with a write pulse power of PW = 90µW, cor-
responding to a total Stokes creation probability PS =
1.6 % (PS = 0.4 %/µs). We observe a clear peak at TS +
TAS = 9µs, that represents the correlated Stokes-anti-
Stokes pairs, featuring a maximum of g
(2)
S,AS = 17.3±3.3.
This is widely above the classical limit of 2 fixed by the
Cauchy-Schwarz inequality, assuming thermal statistics
for the Stokes and anti-Stokes fields, as predicted for the
DLCZ protocol in the ideal case [30]. The efficiency to
retrieve an anti-Stokes photon, conditioned on a Stokes
detection, is about 1.6 % mostly limited by the read pulse
transfer efficiency, uncorrelated background detection in
the Stokes mode, and the rephasing efficiency of the AFC
and spin-wave decoherence (see [22] and Appendix).
Fig. 6(b) shows the coincidence count rate and
g
(2)
S,AS(600 ns) as a function of the Stokes probability PS
(see Appendix for a characterization of PS vs PW ). As
expected, the coincidence rate increases with the Stokes
probability. Nonetheless this increases the probability
of multiple spin-excitations and creates a noise compo-
nent proportional to PS , therefore reducing the g
(2)
S,AS
[23]. At the lowest PS values, the cross-correlation de-
creases because the Stokes photon rate becomes compa-
rable to the noise.The correlation between Stokes and
anti-Stokes photons remains largely above the classical
limit until PS = 2 %/µs, corresponding to PW of almost
1 mW. However, in the following experiments, we main-
tain PW = 90µW to guarantee a good balance between
coincidence rate and cross-correlation value. Note that
for similar value of g
(2)
S,AS , we achieve a coincidence count
rate 8 times higher than in our previous demonstration
[22].
To demonstrate energy-time entanglement, measure-
ments in complementary time bases are required. This
can be achieved by sending optical fields in unbalanced
interferometers serving as time-bin analyzers, as sug-
gested by Franson [31]. In our case, we use the IFC as a
time-bin analyzer by preparing an AFC with storage time
of τIFC = 2µs in both spatial modes. The AFC struc-
ture acts on the single photons as a beam splitter with
a delay line in one output, i.e. a part of an unbalanced
Mach-Zehnder interferometer [4, 32, 33]. This provides
a convenient and robust time-bin analyzer [32], without
the need of phase stabilizing interferometers with several
hundred meters path length difference. In the IFC, each
Stokes and anti-Stokes photon can be either transmitted
(Early time bin E) or stored in the AFC and retrieved as
an AFC echo after a time τIFC (Late time bin L). The
phase ΦS (ΦAS) between the early and late time-bin can
4FIG. 3: (a) Examples of g
(2)
S,AS between Stokes and anti-Stokes photons when an AFC with τIFC = 2µs is prepared in both the
Stokes and the anti-Stokes mode in the IFC. The cases of constructive (darker bars) and destructive (lighter bars) interference
are shown. For both measurements, the integration time is 10 hours, approximately. (b) Interference fringes measured by tuning
the frequency of the anti-Stokes filter AFC (i.e. by tuning ΦAS) in two different bases, selected by changing the frequency
of the filter AFC for the Stokes photon. The circled points are the one related to Fig.(3). The filled points are those used
to calculate the S parameter (integration time 6.5 hours per point). The remaining data point are the result of 5.5 hours of
integration each.
be tuned by changing the center frequency of the AFC
with respect to the Stokes (anti-Stokes) photons [16]. A
phase shift of 2pi is achieved with a frequency detuning
of ∆.
The coincidence histogram between Stokes and anti-
Stokes photon detections after the time-bin analyzers,
as a function of the TS + TAS time will be thus com-
posed of three peaks. One corresponds to the coinci-
dences between transmitted Stokes and anti-Stokes (la-
beled | ESEAS〉 in panel (d) of Fig. 4) and it thus lays at
TS+TAS = τMC . One builds up with the coincidences be-
tween Stokes and anti-Stokes photons when both undergo
AFC storage in the IFC, | LSLAS〉. Consequently, it will
appear at TS + TAS = τMC + 2 · τIFC . The central peak
featured in Fig. 4(d) at TS+TAS = τMC+τIFC is the sum
of two contributions: the coincidences between trans-
mitted Stokes photons and stored anti-Stokes photons
(| ESLAS〉) and those between stored Stokes photons and
transmitted anti-Stokes photons (| LSEAS〉). If these
two processes are indistinguishable and coherent (which
requires e.g. equal AFC echo efficiency in the IFC for
both photons), they will be able to interfere. By select-
ing only the central peak, the correlation between Stokes
and anti-Stokes photons can be interpreted as coming
from the postselected entangled state 1√
2
(| ESLAS〉+eiθ |
LSEAS〉), where θ = ΦS − ΦAS [4]. This photonic state
results from the postselected light-matter entangled state
1√
2
(a†S(T )a
†
SW (T ) + a
†
S(T
′)a†SW (T
′)) | 0S0SW 〉 where T
and T ′ are separated in time by τIFC , set by the ana-
lyzing interferometer. In our experiments, we tailor the
finesse of the AFC structures in the IFC such that the
amplitude of the transmitted and stored pulses are com-
parable (approximately 30 % of the input pulses).
Fig. 3(a) shows examples of g
(2)
S,AS between Stokes and
anti-Stokes photons when both pass through an AFC in
the IFC. The constructive (dark bars) and destructive
(light bars) interference cases are reported as obtained
by fixing the Stokes phase shift ΦS = 0
◦, and the anti-
Stokes phase shift ΦAS to 0
◦ and 180 ◦, respectively. As
expected, the two histograms differ in the area around
TS + TAS = 11µs. The value of g
(2)
S,AS for constructive
interference is 7.6±0.5, lower than the value measured
before the time-bin analyzers. This is due to the fact that
there is an intrinsic loss in the IFC (ηIFC = 30 %), and
that the noise from different temporal modes is summed
up.
In Fig. 3b, we show the results of two photon interfer-
ence measurements in different bases, obtained by tun-
ing the anti-Stokes phase shift for two different values
of ΦS . The visibility is (75.9 ± 4.6) % for ΦS = 0 ◦ and
(70.1±4.4) % for ΦS = 90 ◦ showing evidence of entangle-
ment. To further assess quantum entanglement, we per-
form an experiment probing the violation of the Clauser,
Horne, Shimony, and Holt (CHSH) inequality [34]. We
measure thus the coincidence histograms in 16 different
settings to calculate the S parameter as
S = E(α, β) + E(α′, β) + E(α, β′)− E(α′, β′), (3)
where α and α′ (β and β′) are two different phase choices
for the Stokes (anti-Stokes) photons arm. The different
terms of the eq. 3 are build from the coincidences C in a
time bin ∆t = 600 ns around TS+TAS = 11µs as follows:
E(α, β) =
C(α, β) + C(α+ pi, β + pi)− C(α, β + pi)− C(α+ pi, β)
C(α, β) + C(α+ pi, β + pi) + C(α, β + pi) + C(α+ pi, β)
5FIG. 4: Sketch of the experimental setup.
We fix the phase values to α = 0 ◦, α′ = 90 ◦, β = 45 ◦,
and β′ = 135 ◦ and obtain S = 2.15 ± 0.07 that sur-
passes the classical bound of 2 by more than 2 standard
deviations.
These measurements show that the Stokes and anti-
Stokes photons are entangled in time. Consequently, as
the conversion spin wave to anti-Stokes photon is a local
operation, this also demonstrates entanglement between
a photon and the spin-wave stored in the crystal.
We have shown that a solid-state device can emit pairs
of entangled photons with an embedded quantum mem-
ory for one of the photons. Moreover, the quality of the
entanglement is high enough to enable a violation of a
Bell inequality, making our device suitable for applica-
tions in quantum communication. With improved per-
formances (see Appendix), this device could be an im-
portant resource for the implementation of temporally
multiplexed quantum repeaters. It could also serve as
a platform for investigating high-dimensional entangle-
ment in time between light and matter.
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APPENDIX
A. Experimental Setup
The experimental setup is depicted in detail in Fig.
4. The Pr3+:Y2SiO5 crystals used as quantum mem-
ory (MC) and interferometric filter (IFC) are hosted in
a cryostat (Montana Cryostation) and cooled down at a
temperature of 3.5 K. The AFC in the memory crys-
tal is prepared with the read pulse mode. After the
AFC preparation, we wait 145 ms in order to skip the
noisy part of the cryostat cycle. The write and read
pulses applied in the DLCZ protocol are polarized par-
allel to the D2 crystal axis to maximize the interac-
tion. The write pulses are 700 ns long (FWHM). The
read pulses have Gaussian amplitude modulation and
a maximum power of 30 mW. They are 1µs long and
frequency chirped of 800 kHz with a hyperbolic tangent
waveform. Both Stokes and anti-Stokes photons pass
through the interferometric filter crystal (IFC), but in
different spacial modes (about 4 mm apart), where dedi-
cated laser beams prepare the required spectral features
(transparency window or AFC). Before the IFC, the anti-
Stokes photons are temporally gated by an acousto-optic
modulator (AOM). Narrow-band filters at 600 nm (width
20 nm) are placed in both arms before the photons are
fiber coupled to the single photon detectors (silicon SPD,
efficiency ηD = 50 %). The total transmission in the
Stokes (anti-Stokes) arm, from the cryostat to the de-
tector, is typically 59 % (56 %), which takes into account
the passive losses of the optical elements and the residual
absorption in the IFC.
B. Stokes creation probability
A characterization of the Stokes creation probability,
PS , as a function of the write pulse power is shown in Fig.
5. The scaling is linear, with the exception of the high-
est write pulse power investigated where, we believe, the
sequence of write pulses might destroy the comb struc-
ture. Notably, the linear interpolation of the data points
at lower write pulse powers highlights a residual back-
ground at PW = 0µW. This corresponds to a PS of
about 0.5%, which is a remarkable portion of the total
Stokes probability, especially at lower write pulse power.
We believe that it might be due to stray light reaching
the Stokes detector. The fact that a considerable portion
of the Stokes detections does not in fact correspond to
a spin wave in the crystal largely affects our anti-Stokes
readout efficiency.
C. Coincidence histograms
Each detection of a Stokes photon is followed by 10
unconditional write-read pairs, with 3.8 kHz repetition
rate, in order to detect the accidental counts for estimat-
ing the second-order cross correlation function between
Stokes and anti-Stokes photon. An example of Stokes-
anti-Stokes coincidence histogram as a function of the
TS + TAS time is shown in Fig. 6. The red bars plot
the Stokes-anti-Stokes coincidence counts in the condi-
tional storage trials and the solid curve is the average
6FIG. 5: Stokes creation probability, PS , as a function of the
write pulse power, PW . A linear fit of the data points at lower
PW is also shown. The fitting curve intercepts the y axis at
PS = 0.5 %.
FIG. 6: Time resolved Stokes-anti-Stokes coincidence his-
togram (red bars) plotted together with the accidental coinci-
dence histogram (solid curve) for PW = 90µW, corresponding
to PS = 1.6 %.
of the coincidence counts in the following 10 uncondi-
tional trials. The latter represents the accidental counts.
We observe a clear peak at TS + TAS = 9µs, that rep-
resents the correlated Stokes-anti-Stokes pairs. Besides
this main peak, the histogram also includes a broader
peak at longer times. This is a leakage of the third AFC
echo of the write pulse in the anti-Stokes mode, likely
due to scattering in the memory crystal, that cannot be
filtered by the IFC because it is resonant with the trans-
parency window (see energy level scheme in Fig. 1 of the
main text). However, as it is present in both curves, it is
washed out in the calculation of the g
(2)
S,AS .
Fig. 7 reports examples of coincidence histograms be-
tween Stokes and anti-Stokes photons CS,AS when an
AFC with τIFC = 2µs is prepared in both the Stokes and
the anti-Stokes mode in the IFC. The cases of construc-
tive (darker bars) and destructive (lighter bars) interfer-
FIG. 7: Time resolved coincidence histogram (red bars) plot-
ted together with the accidental coincidence histogram (solid
curve). The number of coincidences per hour is plotted. The
write pulse power is again PW = 90µW (PS = 1.6 %).
ence are shown, along with the accidental coincidence
counts C
(a)
S,AS for the constructive case (solid curve).
The constructive and destructive interference measure-
ments mainly differ in the region around 11µs, that is
τMC + τIFC . For both measurements, the integration
time is 10 hours, approximately. In the accidental coin-
cidence histogram two broad peaks appear. We attribute
them to AFC echoes originated in the IFC of the leak-
age of the write pulse and its multiples echoes in the
anti-Stokes mode. However, as in the case above, when
calculating the g
(2)
S,AS these peaks disappear as they are
present in all the coincidence histograms.
D. Analysis of the CHSH inequality violation
To obtain the maximum violation of the CHSH in-
equality, we do a characterization of the S parameter (as
defined in the main text). Figure 8 shows the behavior of
S when the 600 ns-coincidence window is moved around
the peak at TS + TAS = 11µs (see as an example the co-
incidence histograms of Fig. 7). We observe a maximum
violation exactly at TS + TAS = 11µs, that corresponds
to τMC + τIFC . In this case, the E(α, β) for α = 0
◦,
α′ = 90◦, β = 45◦ and β′ = 135◦ are
E(0◦, 45◦) = 0.50± 0.03
E(90◦, 45◦) = 0.56± 0.03
E(0◦, 135)◦) = −0.59± 0.03
E(90◦, 135◦) = 0.50± 0.04.
From these values, we obtain S = 2.15± 0.07. If com-
pared to the maximum value of 2 ·√2, we estimate a vis-
7FIG. 8: S parameter as a function of the coincidence window
position, when this is moved around the peak at τMC + τIFC .
FIG. 9: S parameter as a function of the time-bin size. The
coincidence window is fixed at τMC + τIFC Inset: violation of
the CHSH in terms of standard deviations vs time-bin size.
ibility of VCHSH = 76.5 ± 2.5, compatible, within error
bars, with the average value of the visibilities measured
from the interference fringes of Fig. 3(b) of the main
text.
However, there is a finite range of positions in which
the CHSH inequality is clearly violated. We then fix
the window position at the maximum and analyze the S
parameter as a function of the time-bin size, as depicted
in Fig. 9. The inset shows the corresponding violation
of the CHSH inequality in terms of standard deviations.
FIG. 10: The cross-correlation function g
(2)
S,AS (red dots), the
coincidences per hour CS,AS (blue diamonds) and the acciden-
tal coincidences per hour C
(a)
S,AS (black triangles) as a function
of the coincidence detection window width tbin.
E. Discussion on storage time and readout efficiency
In this experiment we achieve a g
(2)
S,AS = 17.3 ± 3.3
and an anti-Stokes retrieval efficiency (conditioned on a
Stokes detection) ηR = 1.6 % when PW = 90µW, corre-
sponding to a Stokes creation probability of PS = 1.6 %.
We note that these values are comparable to those re-
ported in our previous realization of the AFC-DLCZ pro-
tocol [22]. However, in the present work the average stor-
age time in the spin state τS is more than a factor 2 longer
and the coincidence count rate has been increased by a
factor 8.
With the current storage time in our memory (cur-
rently limited by the spin-inhomogeneous broadening),
we could demonstrate light-matter entanglement over
distances of a few kilometers. For the transmission of
the photon in optical fibers, quantum frequency conver-
sion to telecom wavelengths would be required, as was re-
cently shown in ref. [35] for this wavelength. Longer stor-
age times can be readily achieved by implementing spin-
echo sequences to overcome the inhomogeneous broaden-
ing (leading to T2 =500 µs for our crystal). Ultimately,
the application of a suitable magnetic field and of dynam-
ical decoupling techniques [23] may prolong the storage
time up to tens of seconds in our crystal [24] and up to
a few hours in Europium doped samples [36].
The current coincidence count rate is mostly limited
by the low retrieval efficiency and signal-to-noise ratio
and by the repetition rate of the experiment. On the
one hand, higher signal-to-noise ratio would allow in-
creasing PS , and thus the coincidence rate, while keeping
the same value for the the g
(2)
S,AS . This can be achieved
by increasing the read out efficiency and suppressing the
background noise. As discussed in [22], the efficiency
8could be increased by improving the AFC preparation,
by a better control of the spin decoherence as well as by
using a longer crystal with higher optical depth and/or
by embedding the crystal in a low finesse cavity [37].
Furthermore, background noise suppression would also
allow us to widen the coincidence window, leading to a
higher coincidence rate, as show in Fig. 10. On the other
hand, the repetition rate R for experiments aiming at en-
tangling remote crystals in a heralded fashion is limited
by the communication time between the two memories,
R = L/c (e.g. 4 kHz for L=50 km). The coincidence
count rate could however be enhanced by increasing the
number of modes. The number of temporal modes can be
increased by using longer storage time in the excited state
in the memory crystal (several tens of µs are possible in
our crystal). Additional multiplexing can be achieved by
implementing frequency and spatial mode multiplexing,
e.g. using an integrated approach [27].
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